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Heavy Ion Collisions

• Temperature

• Parton Number Density

• Energy Density

• Opacity

• Viscosity

• Pressure

• Thermalization Time & Extent

• Deconfinement

• Degrees of Freedom

• Recombination to Final State

• Equation of State

• Color Thermal Transport Properties

• Space-Time Evolution

QCD beyond normal nuclear temperature & density
Are we creating a thermalized medium?
●Is medium sufficiently hot and dense?
●Does the medium exhibit collective behavior?
Are we creating a new Phase?
●Do we observe critical behavior?
●Space-Time evolution?
Explore the properties of the medium!

Time Evolution



Experimental Observables
• Multiplicity

• Transverse Energy

• Identified Spectra

• Particle Ratios

• Fluctuations

• Elliptic Flow

• Bose-Einstein Correlations

• Hard Probes

• See presentation by D Peressounko

Trends:
System Size: p+p A+A p+A 

Collision Energy

Run Species Energy Events
1 Au+Au 130 10M

2
Au+Au

p+p
200
200

170M
3.7G

3
d+Au
p+p

200
200

5.5G
6.6G

4 Au+Au
200
62

1.6G
58M

5

Cu+Cu

p+p

200
62

22.5
200

8.6G
0.4G
9M
85G
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Event Characterization
Centrality Reaction Plane

2.5 Centrality Measurement

The BBC charge sum has a monotonic correlation with collision centrality. In
the offline analysis, the combined information on spectator neutrons measured
by the ZDC placed 18 m from the beam crossing point and the charged sum
information measured by the BBC is used to define the collision centrality.
The correlation between the BBC and ZDC measurements is shown in Fig. 6.
The lines shown in Fig. 6 bin the events with centrality beginning on the far
right with the 0-5% bin and going to the left at intervals of 5% up to 50%.
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Fig. 6. Correlation between BBC charge sum and energy deposit in ZDC. The
lines define bins containing intervals covering 5% centrality. The bin to the far
right represents events ranging from 0 to 5% centrality. The central line shown in
the figure is the centroid of the BBC-ZDC distribution with the lines defining the
centrality bins drawn perpendicular to it.

2.6 Performance

The BBC is fully implemented and installed in the PHENIX detector complex.
The performance of the BBC was evaluated using

√
sNN = 130 GeV Au-

Au collisions and the arrival time of secondary particles generated by beam
interactions, which travel nearly at the speed of light. The collision time (T0)
is defined from the average arrival time for the two BBC counters. The timing
difference between each counter provides the ZVTX along the beam axis.

All the detector elements and readout electronic channels worked well during
the first year of RHIC operation. The timing achieved for a single element was
52 ± 4 ps. The BBC is used as a start counter for the ToF measurement and
a ToF resolution of 96 ps was obtained. The collision vertex determined by
the BBC is used not only for offline analysis but also for the LVL1 trigger to
limit the vertex position. Combined information from the BBC and ZDC is
used to define the collision centrality in the offline analysis.

8

Participating Nucleons, Npart

Binary N-N Collisions, Ncoll

Nch (3<η<4) 
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tan2ΦRP = ∑nch sin2φPMT
∑nchcos2φPMT

b
ϕRP

12

Reaction plane method in PHENIX

• R.P. determination @ BBC
– |!| = 3 – 4, Full azimuthal

coverage.

– 3 unit rapidity away from mid-
rapidity.

• Expect to reduce non-flow 
contribution

• For improvement of flow 
measurement
– MVD (|!| = 1 – 3)

– R.P. @ Beam rapidity (SMD, 
FCL)

• Help to v1 measurement

• Sensitivity to non-flow 
contribution

Non flow (azimuthal correlation not related to R.P.)

ex. Resonance decay, jets etc …



206 PHENIX Collaboration / Nuclear Physics A 757 (2005) 184–283

Fig. 8. Multiplicity per participant nucleon pair, as a function of centrality, for
√

sNN = 130 GeV and 200 GeV

Au + Au collisions as measured in PHENIX [59]; compared to theoretical predictions available in 2002. “HI-

JING” is a pQCD-based model [82], while “KLN” features gluon saturation in the initial state [83,84]; “EKRT”

assumes saturation in the final state [85,86].

initial nuclear wave function is limited by transverse overlap and fusion of these low-pT

gluons. The phase-space density saturates because of the competition between extra gluon

radiation from higher-x gluons and nonlinear fusion of the gluons at high density. Au+Au
collisions are then collisions of two sheets of colored glass, with the produced quarks and

gluons materializing at a time given by the inverse of the saturation momentum, τ = 1/Qs .

Saturation of gluons with momenta below Qs provides a regulating mechanism that limits

the rise in gluon—and later, hadron—multiplicity with centrality and beam energy. Models

featuring this initial-state gluon saturation agree well with essentially all RHIC data on the

multiplicity density, which is dominated by low-momentum particles [83,84]. This is seen,

for instance, in Fig. 8.

In this picture, the total gluon multiplicity is proportional to 1/αs · Q2
s , which limits the

number of low-momentum charged particles produced. Qs evolves slowly with collision

centrality and beam energy. For central Au+ Au collisions, it has been estimated that the

typicalmT scale of the gluons “liberated” from the colored glass is about 1 GeV per particle

[77], which is above the lower limit of 0.53 GeV per particle that we set above using

the PHENIX data. Though there are fewer predictions of ET than total charged-particle

production from gluon-saturation models, the existing models are broadly consistent with

Energy Density: Nch & ET
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Fig. 7. Figure from Li and Wang [79] showing trends in final-state charged multiplicity per participant pair

vs. (nucleon–nucleon) beam energy. (PHENIX data points [59] have been added.) The curves are the result of

their two-component “hard/soft” model, which reproduces well the multiplicities from elementary p(p̄) + p

collisions at RHIC energies. The same model extended to nuclear collisions with no regulating mechanism on

hard processes (the “no shadowing” line) over-predicts the multiplicities in central RHIC collisions, while the

data can be matched if substantial nuclear shadowing of gluons is invoked (shaded band).

advance of RHIC data, it was widely expected that mini-jets would be the dominant chan-

nel for ET and particle production, and this led to two further, general expectations. First,

that multiplicity and ET per interacting nucleon would go up sharply at collider energies,

as compared to fixed-target energies, since jet and mini-jet cross sections are increasing

quickly with
√

sNN (see Fig. 7). And, secondly, that ET and multiplicity per participat-

ing nucleon would increase steeply in more central events, since the rate of hard pQCD

scatterings goes up faster with centrality than does the number of interacting nucleons.

It was therefore quite surprising when the first RHIC data [37,38,80] showed lower

multiplicities than had been predicted from mini-jet models, and only a modest increase

in ET and multiplicity per participant as functions of centrality. Compared to the sharp

rise, shown in Fig. 7, predicted by straightforward factorized pQCD, it was clear that some

mechanism must be acting at RHIC energies to restrict, or regulate, particle production

[79,81].

pQCD-based models have parameters regulating the momentum scales; these include a

lower-momentum cutoff, and the factorization and fragmentation scales. Fig. 8 shows that

the pQCD-based HIJING model, circa 2002, was able to reproduce 130 GeV and 200 GeV

dNch/dη reasonably well. However, in that model jet production via hard scattering is an

important mechanism for particle production, and the combination of the
√

s dependence

of hard-scattering cross sections with the growth of the nuclear overlap with centrality

causes the model to predict an increase in the ratio between the two data sets with central-

ity. The observed ratio is, instead, quite constant. Thus the authors found it necessary to

introduce a centrality-dependent shadowing to regulate the jet growth [79].

An alternative to models which use collinearly factorized pQCD is found in the “color

glass condensate” picture, in which the gluon population of low-x, low-pT states in the
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Fig. 6. The ratio of transverse energy density in pseudorapidity to charged particle density in pseudorapidity,

at mid-rapidity; shown as a function of centrality, represented by the number of nucleons participating in the

collision, Npart, for three different RHIC beam energies [59].

Au + Au collisions and shows very little change with beam energy, decreasing to only

0.7 GeV when
√

sNN is decreased by an order of magnitude down to 19.6 GeV.

If we approximate dNCh/dη = (2/3) dN/dη in the final state then Eq. (6) would imply

〈mT 〉 $ 0.57 GeV and corresponding τForm $ 0.35 fm/c, a value shorter than the “nomi-

nal” 1 fm/c but still long enough to satisfy our validity condition τForm > 2R/γ at RHIC.

Inserting this value into Eq. (5), along with the highest dET /dη = 600 GeV for 0–5%

central events as measured by PHENIX [59], yields a value of 〈ε〉 = 15 GeV/fm3 for the

energy density in initially produced, mid-rapidity particles in a central RHIC Au + Au

collision, that is, roughly 100 times the mass-energy density of cold nuclear matter.

It is important to note that this large value of the energy density as obtained from

Eq. (5) represents a conservative lower limit on the actual 〈ε(τForm)〉 achieved in RHIC
collisions. This follows from two observations: (1) The final-state measured dET /dη is a

solid lower limit on the dET (τForm)/dy present at formation time; and (2) The final-state

ratio (dET /dη)/(dN/dη) is a good lower limit on 〈mT 〉 at formation time, and so yields
a good upper limit on τForm. We justify these statements as follows.

Several mechanisms are known that will decrease dET /dy as the collision system

evolves after the initial particle formation, while no mechanism is known that can cause it

to increase (for y = 0, at least). Therefore, its final-state value should be a solid lower limit

on its value at any earlier time. A partial list of the mechanisms through which dET /dy

Peak Energy Density
+15 GeV/fm3

〈ε(τ f ormation)〉 =
1

τ f ormationA
dET (τ f ormation)

dy

t = h̄
mT

〈mT〉 # dET/dη
dN/dη

Phys. Rev. C71(2005)034908

 S.-Y. Li, X.-N. Wang, Phys. Lett.B527(2002)85

Nucl.Phys. A757 (2005) 184-283



Chemical Equilibrium
208 PHENIX Collaboration / Nuclear Physics A 757 (2005) 184–283

Fig. 9. Centrality dependence of particle ratios for (a)K+/π+ , (b)K−/π− , (c) p/π+ , and (d) p̄/π− in Au+Au
collisions at

√
sNN = 200 GeV [54].

equilibrium predictions, then the partial equilibrium can be quantified by a multiplicative

factor of γs for each strange quark in a hadron, where γs = 1 for complete equilibration

and γs < 1 for partial equilibration.

Fig. 9 shows the centrality dependence of K/π and p/π ratios in Au+ Au collisions

at
√

sNN = 200 GeV [54]. Both K+/π+ and K−/π− increase rapidly for peripheral col-
lisions, and then saturate or rise slowly from mid-central to the most central collisions.

The ratios p/π+ and p̄/π− also increase from peripheral collisions but appear flatter than
the K/π ratios. Canonical statistical models [89] predict an increase in these ratios with

centrality, as the larger system-size effectively places less of a constraint on conserved

quantities. In addition the chemical parameters, Tchem and µB , can also vary with central-

ity [90,91].

Focusing on the ratios from central collisions at
√

sNN = 200 GeV, the data are com-

pared to the thermal model data analysis of Kaneta and Xu [90] in Fig. 10. The extracted

thermal parameters from this fit are Tchem = 157 ± 3 MeV, µB = 23 ± 3 MeV, and

γs = 1.03± 0.04. A large γs is also found by STAR [92] who extract γs = 0.96± 0.06,

while Cleymans et al., [91] extract γs that increases from γs # 0.85 in peripheral collisions

PHENIX Collaboration / Nuclear Physics A 757 (2005) 184–283 209

Fig. 10. Comparison of PHENIX (triangles), STAR (stars), BRAHMS (circles), and PHOBOS (crosses) particle

ratios from central Au + Au collisions at
√

sNN = 200 GeV at mid-rapidity. The thermal model descriptions

from Kaneta and Xu [90] are also shown as lines. See Kaneta and Xu [90] for the experimental references.

to γs " 0.95 for central collisions at RHIC. Similar fits to the central RHIC data are ob-

tained by Braun-Munzinger et al., [93] who assume complete chemical equilibration, i.e.,

γs = 1.

We note that there are differences in the temperature parameter extracted by the differ-

ent authors. Kaneta and Xu [90] extract Tchem = 157 ± 3 MeV which is lower than that

extracted by both Braun-Munzinger et al., [89] of Tchem = 177± 7 MeV and Cleymans et
al. [91] of Tchem = 165± 7 MeV. However, both Braun-Munzinger et al. [89] and Mage-

stro [94] discuss the sensitivity of the extracted temperature to corrections from feed-down

from decays. Cleymans et al., [91] estimate that over 70% of π+ in the thermal model fits
come from the decay of resonances.

At lower beam energies there is controversy over whether strangeness is in full chemical

equilibrium. Becattini et al. [95] use data that is integrated over the full rapidity and find

that strangeness is in partial equilibrium, i.e., at the AGS γs = 0.65 ± 0.07 and at the

SPS γs = 0.84 ± 0.03. Braun-Munzinger et al. [89] instead use ratios measured at mid-

Thermal Model1

1Kaneta and Xu

Tchem = 157±3 MeV
µB = 23±3 MeV
γs = 1.03±0.04

Increased System size reduces 
constraints on locally conserved 

quantities.

Strangeness fully saturated.

nucl-ex/0410003 

 M. Kaneta, N. Xu,nucl-th/0405068.

     Phys. Rev. C69(2004)034909



Spectra
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Fig. 11. Transverse momentum distributions for pions, kaons, protons, and antiprotons in Au+ Au collisions at√
sNN = 200 GeV [54].

rapidity which typically have larger strange/nonstrange values, and, hence, they obtain

acceptable fits with γs = 1 at both AGS and SPS energies. At RHIC energies thermal model

comparisons all use mid-rapidity data; a choice that is motivated in part by the separation

between fragmentation regions and central particle production.

In contrast to the controversies at lower beam energies, the observation that strangeness

is equilibrated is common to all thermal calculations that reproduce RHIC data. This is

consistent with chemical equilibrium being obtained before hadronization, though does

not prove that this is the case. An alternative explanation is that scattering in the hadronic

phase could increase γs to 1, though small interaction cross sections imply that it may be

difficult to equilibrate the multi-strange baryons before the hadrons freezeout.

3.2. Spectra

Hadron spectra reflect conditions late in the reaction, as well as the integrated effects of

expansion from the beginning of the collision. Fig. 11 shows the pT distributions for pions,

kaons, protons, and antiprotons in both central (top panel) and peripheral collisions (bottom

panel) [54]. The pion spectra have a concave shape at low pT where many of the pions

may come from the decay of resonances: ",ρ, etc. The kaon spectra are approximately

●Pion contribution from decays at low pT

●Kaons exponential over measured range
●Protons comparable to π’s above 2GeV/c

Identified Particle Production at RHIC 5

 (GeV/c)Tp

1 2 3

!
p

/

0

0.5

1

MinBias d+Au

MinBias p+p

+!p/

 (GeV/c)Tp

1 2 3

Au+Au  0-10% 

Au+Au 60-92%

-!/p

PHENIX PRELIMINARY

Fig. 1. The ratio of protons to π+ and antiprotons to π− in minimum bias p+p
and d+Au compared to peripheral and Au+Au collisions. Statistical error bars are
shown.

As noted above, protons and antiprotons are feed-down corrected in each system.
The p/π ratio in d+Au is very similar to that in peripheral Au+Au collisions,

and lies slightly above the p+p ratio. The p/π ratio in central Au+Au collisions
is, however, much larger. The difference between the ratio in d+Au and central
Au+Au clearly indicates that baryon yield enhancement is not simply an effect of
sampling a large nucleus in the initial state. The large enhancement requires the
presence of a substantial volume of nuclear medium with high energy density.

3.2. Nuclear Modification Factors

The measurement of identified hadrons in both d+Au and p+p collisions allows
study of the centrality dependence of the nuclear modification factor in d+Au. A
standard way to quantify nuclear medium effects on high pT particle production in
nucleus-nucleus collisions is provided by the nuclear modification factor. This is the
ratio of the d+A invariant yields to the scaled p+p invariant yields:

RdA(pT ) =
(1/Nevt

dA ) d2NdA/dydpT

TdAu d2σpp
inel/dydpT

, (2)

where TdAu = 〈Ncoll〉/σpp
inel describes the nuclear geometry, and d2σpp

inel/dydpT for
p+p collisions is derived from the measured p+p cross section. 〈Ncoll〉 is the average
number of inelastic NN collisions determined from the Glauber simulation described
above.

Proton excess at mid-pT not 
observed in p+p, d+Au

〈βT〉~ 0.5

nucl-ex/0504019

     Phys. Rev. C69(2004)034909



Radial Flow
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FIG. 19: Transverse momentum data and best fit hydrodynamical results for the 0–10% centrality bin for the 200 GeV π±, K±,
and p, p, along with the prediction for the φ transverse momentum spectrum. The transverse momentum ranges for the fit are
indicated by the solid lines, while the dashed lines indicated the extrapolated predictions for each particle species data.

observed suppression of high pT pions in central collisions
as compared to either pp collisions or peripheral Au + Au
collisions [62]. A second, quite surprising observation
is the unusually large (anti)proton-to-pion ratio at high
pT . In particular PHENIX has observed [30] that in
central Au + Au collisions the p/π and p/π ratios are
enhanced by a factor of 3 at intermediate pT (1.5 < pT <
4.5 GeV/c) as compared to the ratios in pp collisions and
the ratios obtained in quark and gluon jets measured in
e+e− collisions [61]. It was also observed that proton
and anti-proton production scales with Ncoll in this pT

region, in sharp contrast to the strong suppression of pion
production [30]. In pp collisions high pT particles are the
result of the fragmentation of partons. Because of the
power law nature of the hard scattering spectrum, most
of the particles at high pT are expected to be leading
hadrons. The fragmentation functions, at least in the
vacuum, are expected to be universal and independent
of the colliding system under consideration. However,
at intermediate pT (1.5–4.5 GeV/c) the PHENIX results
from central Au + Au collisions are inconsistent with the

known fragmentation functions.

There are several conjectures which may explain the
unexpected PHENIX result:

1) hydrodynamic flow generated from the hadronic
stage [65], or

2) hydrodynamic flow generated at a partonic
stage together with particle production from the
recombination[32, 33, 34]

3) baryon junctions as a mechanism for an usually
large build up of baryons and anti-baryons at mid-
rapidity [63],

4) in-medium modified fragmentation functions [64].

The first three possibilities invoke soft processes to
populate a region of pT that is dominated by hard-
scattering in pp collisions. The soft production at in-
termediate pT is enhanced for protons and anti-protons,
while pions remain dominated by hard-scattering. In

Hydrodynamic Fit
Tfo = 109 MeV
βT = 0.77
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Fig. 4. Schematic drawing of the time and energy density scales derived through the Bjorken picture.

1 GeV/fm3. Establishing that this energy density is created in RHIC collisions is a basic

ingredient in establishing the creation of a QGP at RHIC.

In this section we explore what can be deduced about the energy densities achieved

in RHIC A + A collisions from measurements of the global transverse energy and mul-

tiplicity. In later sections these estimates will be compared to densities inferred from

hydrodynamics-based models (Section 3) and from jet quenching evidence (Section 6).

Specifically, we will address three different energy density estimates, and introduce two

distinct time scales: (i) The peak general energy density that is achieved when the incoming

nuclei overlap; (ii) The peak formed energy density involving created particles at proper

time τForm; and (iii) The peak thermalized energy density present at proper time τTherm
when local thermal equilibrium is first achieved (assuming that this occurs). The values

and time scales for formed and thermalized energy densities are indicated schematically in

Fig. 4; detailed explanations follow in Sections 2.3 and 2.4.

In this section we will also review data on overall particle multiplicities, and through

them distinguish between different models of the initial particle production.

2.1. General energy density

The simplest definition of “energy density” is the total mass-energy within some region

of space divided by the volume of that region, as seen at some instant of time in some

Lorentz frame. However, this definition is not satisfactory since we can “trivially” raise

any simple energy density by viewing the system in a different frame. For example, a static

system with constant energy density ρ0 in its rest frame—say, a gold nucleus—will appear

to have energy density γ 2ρ0 when viewed in a frame boosted by Lorentz γ . Accordingly,

we can only calculate a meaningful energy density 〈ε〉 as mass-energy/volume for some
region in the case when the total momentum in the region is zero.

Time Evolution of Energy 
Density in the Bjorken Picture

nucl-ex/0410012 

Nucl.Phys. A757 (2005) 184-283



Elliptic Flow
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Fig. 17. The slope of the scaled elliptic flow, (dv2/dpT )/ε, for mid-central collisions at RHIC (filled symbols)

and the SPS (open symbols). The slope is calculated from the data in Fig. 16 for the data pT < 1 GeV/c. The

solid error bars represent the total systematic error including the systematic error on v2 and ε [50,70,103,104].

Fig. 18. v2(pT ) for pions, kaons and protons produced in minimum-bias collisions at RHIC [50] compared to

hydro calculations from Huovinen et al. [107].

tion 3.5, while the behavior of v2 at higher pT , which follows a scaling with respect to the

number of quarks, is discussed in Section 7.

Further insight into the expansion dynamics can be obtained from the mass dependence

of v2(pT ) shown in Fig. 18 for pions, kaons and protons [50] along with a compari-

son with an early hydrodynamic model calculation [107]. The v2(pT ) for pions is larger

than for kaons and protons at low pT , and this mass ordering has been explained as re-

sulting from radial expansion [107] that produces a larger distortion of the elliptic flow

d2N
dφdpT

= N0 (1+2v2 (pT)cos(2φ))
ε=

〈y2〉−〈x2〉
〈y2〉+ 〈x2〉

Spatial Anisotropy Momentum Anisotropy
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200 GeV for the 13-26% most central collisions. The
comparison indicates little change in v2 as the collision
energy is raised from

√
sNN = 62.4 to 200 GeV. This

contrasts with the much lower v2 values measured in
Pb+Pb collisions (filled squares) by the CERES collabo-
ration at

√
sNN = 17.2 GeV, for the same centrality cut

(13 - 26%) [24].

FIG. 4: Differential v2 vs.
√

sNN for charged hadrons in
nucleus-nucleus collisions. Results are shown for the cen-
trality cut of 13 - 26% and pT selections of 1.75 GeV/c

(open symbols) and 0.65 GeV/c (closed symbols). The
STAR, CERES and E895 data are taken from Refs. [19], [24]
and [32, 33, 34] respectively.

The
√

sNN dependence of v2 for charged hadrons pro-
duced in Au+Au collisions is summarized in Fig. 4 for
two separate pT selections (0.65 and 1.75 GeV/c) and
centrality = 13-26%. These data are taken from the
current measurements and earlier measurements at the
SPS [24] and the AGS [32, 33, 34]. The AGS measure-
ments [32, 33, 34] are for protons. The STAR results
were obtained for a slightly different centrality selection
(10-30%) [19] having essentially the same mean central-
ity. For both pT cuts, the magnitude of v2 shows a
significant increase with collision energy (∼ 50% increase
from SPS to RHIC) up to the energy

√
sNN = 62.4 GeV.

Thereafter, it appears to saturate for larger beam ener-
gies.

To summarize, we have measured differential az-
imuthal anisotropies for charged hadrons in Au + Au
collisions spanning the energy range

√
sNN = 62.4 - 200

GeV. Detailed comparisons of these differential measure-
ments indicate no significant collision energy dependence
of the anisotropy over this range. By contrast, compar-
isons to differential measurements obtained at AGS and
SPS energies indicate that v2 increases with collision en-
ergy up to

√
sNN = 62.4 GeV. Given the fact that the

energy density is estimated to increase by approximately
30% over the range

√
sNN = 62.4 - 200 GeV, this ap-

parent saturation of v2 above
√

sNN = 62.4 GeV may be
indicative of the role of a rather soft equation of state.
Such a softening could result from the production of a
mixed phase [33] for the range

√
sNN = 62.4 - 200 GeV.
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FIG. 9: Comparison of the heavy flavor electron v2 with two different charm flow scenarios from [11]. The solid line corresponds
to no rescattering of the initially produced charm quarks (without flow), while the dashed line reflects the effect of complete
thermalization (with flow).

thermal light quarks at hadronization. For charm quark
momentum spectra, two extreme scenarios are consid-
ered. The first scenario assumes no reinteractions after
the production of charm-anticharm quark pairs in initial
state hard processes (calculated from PYTHIA). The sec-
ond scenario assumes complete thermalization with the
transverse flow of the bulk matter. Figure 9 shows a com-
parison of the heavy flavor electron v2 with decay elec-
trons from D mesons in the “no reinteraction” scenario
as a solid line, while the dashed line reflects the “thermal-
ization” scenario. Due to large systematic and statistical
uncertainty of the current measurement, neither scenario
is excluded by this single electron v2 measurement.

IV. SUMMARY

In summary, we have measured the elliptic flow, v2,
of single electrons from heavy flavor decay. This single
electron v2 is produced by subtracting the v2 of electron
sources such as photon conversion from the v2 of inclu-
sive electrons measured with the PHENIX detector in
Au+Au collisions at

√
sNN = 200 GeV with respect to

the reaction plane defined at high rapidities (|η| = 3−4).
The measured heavy flavor electron v2 is nonzero with a
90 % confidence level. Two model calculations from [11]
assume extremely different scenarios: either no reinterac-
tion of the initially produced charm quarks or complete
thermalization with the bulk matter. Both of these cal-
culations are consistent within errors with the measured
heavy flavor electron v2.

High luminosity Au+Au collisions at
√

sNN = 200
GeV have been recorded by the PHENIX experiment
during Run4 (2003-2004). The much higher statistical
precision of these data should allow an unambiguous re-
sult on the important issue of charm flow.
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Ne (1 + 2v2e cos(2φ)) = Nγ
e

(
1 + 2vγ

2e
cos(2φ)

)
+ Nnon−γ

e

(
1 + 2vnon−γ

2e
cos(2φ)

)
= (Nγ

e + Nnon−γ
e )

(
1 + 2

Nγ
e vγ

2e
+ Nnon−γ

e vnon−γ
2e

Nγ
e + Nnon−γ

e

cos(2φ)

)
, (14)

where v2e is the v2 of inclusive electron, vγ
2e

is the v2 of

the photonic electrons and vnon−γ
2e

is the v2 of the non-
photonic electrons. From Eq. 14, the inclusive electron
v2 is given by:

v2e =
Nγ

e vγ
2e

+ Nnon−γ
e vnon−γ

2e

Nγ
e + Nnon−γ

e

=
Nγ

e vγ
2e

+ (Ne − Nγ
e )vnon−γ

2e

Ne

= rvγ
2e

+ (1 − r)vnon−γ
2e

, (15)

where r is defined as r = 1/(1 + RNP ). RNP is the ra-
tio of the number of non-photonic electrons to photonic

electrons (Nnon−γ
e /Nγ

e ). We experimentally determined
the ratio from analysis of special runs in which addi-
tional photon converter was installed. The details of the
method are described in [21], and the measured ratio is
shown in Fig. 7. The increase in the number of non-
photonic electrons is consistent with that expected from
semileptonic charm decays [21]. From Eq. 15 vnon−γ

2e
can

be expressed as

vnon−γ
2e

=
v2e − rvγ

2e

1 − r
. (16)

The dominant sources of photonic electrons are photon
conversions and Dalitz decays from π0 [9]. In addition,

Charm flow may indicate 
thermalization of charm.

Charm extracted from 
electron spectra

nucl-ex/0410012 

nucl-ex/0410012 



Hadronization
22

 [GeV/c]Tp

0 1 2 3 4 5 6 7

c
p

R

0

0.5

1

1.5

2

2.5

40 - 92%
0 - 10%!

2
pp + 

0"

FIG. 23: Ncoll scaled central to peripheral ratio RCP for (p + p)/2, π0, and φ. The proton and pion results are published [30].
The vertical dotted bar on the right represents the error on N0−10%

coll /N40−92%
coll . The shaded solid bar around RCP = 1 represents

12% systematic error which can move the proton and/or φ points with respect to one another. The dotted horizontal line at
RCP = 0.62 is a straight line fit to the φ data.

What are the relevant 
degrees of freedom?

Quark Recombination models features:
●Increased Baryon Production at mid-pT

●v2 scales with quark number not mass
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Fig. 56. v2/n in the TAMUmodel, where n is the number of constituent quarks in a particle for protons and pions

[241]. Scaled pion (dashed line) and proton (dotted line) results from the TAMU model are shown in addition

to charged pion and proton measurements from the PHENIX experiment from minimum bias Au+Au reactions

at
√

sNN = 200 GeV [50]. This model allows for the recombination of hard partons and soft partons, as well as

the decay of resonances such as the two pion decay of the ρ meson. One sees that, at least in this calculation,

the addition of processes which mix hard and soft partons do not destroy the agreement for the model with v2/n

which is presumably a soft process.

is 9–18 fm/c, well outside the collision region. However for pT = 2.5 GeV/c protons, the

corresponding formation time is only 2.7 fm/c in the vacuum, suggesting the possibility

that the hadronization process may begin inside the medium. However the formation of

such heavy particles would presumably be delayed in a deconfined medium until the entire

system began to hadronize.

If quarks and antiquarks from gluon splitting are assumed to combine into dipole color

singlets leading to the final hadrons, the formation time may be estimated from the gluon

emission time. Then the formation time for a hadron carrying a fraction z of the parton

energy is given by

τf ≈ 2Eh(1− z)

k2T + m2
h

. (34)

If z is 0.6–0.8 and kT ≈ ΛQCD, proton formation times in the range of 1–4 fm result [220].

Such values again imply formation of the proton within the medium. Thus, it is possible

that differing (and perhaps complicated) interactions with the medium may produce differ-

Φ meson follows π0 
trend

nucl-ex/0410012 

 V. Greco, C.M. Ko, Phys. Rev. C70(2004)024901.
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Fluctuations

MpT = pT =
1
n

n

∑
i=1

pT i

226 PHENIX Collaboration / Nuclear Physics A 757 (2005) 184–283

Fig. 23. MpT for 30–35% and 0–5% centrality classes: data (points) mixed events (histogram) [55].

The measured MpT distributions for the data in two centrality classes for
√

sNN =
200 GeV Au+Au collisions in PHENIX [55] are shown in Fig. 23 (data points) compared
to the mixed-event distributions (histograms). The non-Gaussian, gamma-distribution
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Fig. 24. FpT vs. centrality, represented as the average number of participants (Npart) in a centrality class, com-

pared to jet simulation [55].

shape of the MpT distributions is evident. The difference between the data and the mixed-

event random baseline distributions is not visible to the naked eye. The nonrandom fluctu-

ation is quantified by the fractional difference of ωpT , the normalized standard deviation

ofMpT , for the data and the mixed-event (random) samples:

ωpT = σMpT

〈MpT 〉 , (17)

FpT = ωpT ,data − ωpT ,mixed

ωpT ,mixed
. (18)

The results are shown as a function of centrality, represented by Npart in Fig. 24.

The dependence of FpT on Npart is striking. To further understand this dependence and

the source of these nonrandom fluctuations, FpT was measured over a varying pT range,

0.2 GeV/c ! pT ! pmaxT (Fig. 25), where pmaxT = 2.0 GeV/c for the Npart dependence.

The increase of FpT with pmaxT suggests elliptic flow or jet origin. This was inves-

tigated using a Monte Carlo simulation of correlations due to elliptic flow and jets in

the PHENIX acceptance. The flow was significant only in the lowest centrality bin and

negligible (FpT < 0.1%) at higher centralities. Jets were simulated by embedding (at a

uniform rate per generated particle, Sprob(Npart)) p + p hard-scattering events from the

PYTHIA event generator into simulated Au + Au events assembled at random accord-

ing to the measured Ntracks and semi-inclusive pT distributions. This changed 〈pT 〉 and
σpT by less than 0.1%. Sprob(Npart) was either constant for all centrality classes, or scaled

by the measured hard-scattering suppression factor RAA(Npart) for pT > 4.5 GeV/c [49].

A value FpT = 2.06% for p + p collisions was extracted from pure PYTHIA events in the

PHENIX acceptance in agreement with the p + p measurement (Fig. 24). The value of

Sprob(Npart) was chosen so that the simulation with Sprob(Npart) × RAA(Npart) agreed with
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Fig. 22. v(Q) for the 10% most central events in data and RQMD, as a function of the azimuthal interval in

degrees of reconstructed tracks, either (a) at the detector, !φd , or (b) at the vertex, !φr , chosen symmetrically

around the detector acceptance. For data, the error band shows the total statistical error, whereas the error bars

indicate the uncorrelated part. The solid line shows the expected reduction in v(Q) in the stochastic scenario

when global charge conservation is taken into account [44]. Note that the data points are correlated since the data

in one bin is a subset of the data in the next bin.

For the case of statistical independent emission, where the fluctuations are purely ran-

dom, an analytical formula for the distribution in MpT can be obtained assuming negative

binomial distributed event-by-event multiplicity, with gamma distributed semi-inclusive

pT spectra [141]. The formula depends on the four semi-inclusive parameters 〈n〉, 1/k, b

and p which are derived from the means and standard deviations of the semi-inclusive pT

and multiplicity distributions, 〈n〉, σn, 〈pT 〉, σpT :

f (y) =
nmax∑

n=nmin

fNBD
(
n,1/k, 〈n〉)fΓ (y,np,nb), (16)

where y = MpT . For fixed n, and purely random fluctuations, the mean and standard devi-

ation ofMpT follow the expected behavior, 〈MpT 〉 = 〈pT 〉, σMpT
= σpT /

√
n. In PHENIX,

Eq. (16) is used to confirm the randomness of mixed events which are used to define the

baseline for random fluctuations ofMpT [45,55].

v(Q) =
〈Q2〉−〈Q〉2

nch

Non-random fluctuations in Q 
associated with critical behavior near 
QGP phase boundary not observed.

Phys. Rev. Lett.93(2004)092301.
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Fig. 19. The kT dependence of the Bertsch–Pratt parameters for π
+π+ (blue square) and π−π− (red circle) for

0–30% centrality with statistical error bars and systematic error bands. Results from PHENIX [56] and STAR

[114] are overlaid. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

a strong expansion. Moving from a statement of “consistency” to a statement that equilib-

rium has been “established” is difficult. Some progress can be made by comparing the data

to hydrodynamic models that assume full equilibrium early in the collision.

A variety of hydrodynamic models have been published. Our approach is to confront

these models with the following broad set of data; v2(pT ), spectra, and HBT. In this paper

we will not compare the data with hydro-inspired parameterized fits, e.g., blast-wave [115]

or Buda–Lund [116] models, but will restrict ourselves to dynamical hydro models.

In Figs. 20 and 21, hydro calculations that include a phase transition from the QGP

phase to a hadronic phase are shown with solid lines, while hydro calculations that do

not include a pure QGP phase at any stage in the dynamics are drawn with dashed lines.

The four calculations that include a QGP phase all assume an ideal gas EOS for the QGP

phase, a resonance gas for the hadronic phase and connect the two using a first-order phase

transition and a Maxwell construction. These calculations use latent heats that range from

0.8 GeV/fm3 (Teaney et al. [106]) to 1.15 GeV/fm3 (Huovinen et al. [107] and Kolb et

al. [117]), to 1.7 GeV/fm3 (Hirano et al. [118,119]). For comparison the bag model of

the nucleon with external bag pressure B = (230 MeV)4 and a Tcrit = 164 MeV produces

14 HBT Review

Figure 3: Since particles with heavier masses have smaller thermal velocities their
source volumes are more strongly confined by collective flow. For longitudinal
flow (left panel) this results in smaller values of Rlong for particles with higher

mT =
√

m2 + p2
T . For radial flow (right panel) this confines heavier particles

towards the surface which results in both a reduced volume and an offset ∆r in
the outward direction.

fore the collective velocity overwhelms the thermal velocity to force the emission
function back to zero. The size can then be expressed as:

Rlong ≈ Vtherm

dv/dz
= Vtherm〈t〉. (24)

Whereas Rout/Rside gives information about the suddenness of emission, Rlong

provides insight into the mean time at which emission occurs given an estimate
of the thermal velocity.

For a thermal source with relativistic motion, the thermal velocity along the
beam axis is determined by the temperature and the transverse mass, mT =√

m2 + p2
T (59). For large mT the thermal velocity in the longitudinal direction

becomes non-relativistic, Vtherm =
√

T/mT , and the source size falls as 1/
√

mT

which is referred to as mT scaling (83). This is illustrated in Figure 3. How-
ever, this assumes all particles are emitted with the same Bjorken time τB and
temperature, independent of the transverse mass. Since particles with high mT

are probably emitted at lower τB, and since the temperature roughly behaves at

τ−4/3
B , the longitudinal size could fall even more quickly than m−1/2

T .
In a boost invariant expansion, emission is a function of the Bjorken time

τB =
√

t2 − z2, not the time t, and since t =
√

τ2
B + z2, those particles emitted

with small z have a head start. This is sometimes referred to as an inside-
outside cascade. The transverse shape of S(r) is then affected non-trivially by the
expansion along the beam. The resulting correlation function can be calculated
analytically in the case of pure identical-particle correlations (84; 85).

As will be seen in the next subsection, boost invariance is also incorporated into
blast-wave models with transverse expansion. Boost invariance is also assumed
for many hydrodynamic models. The finite size of the system would alter the

differences arising from the use of Eq. (3) are incorpo-
rated into the total systematic errors.

Figure 3 shows the kT dependence of all radii and the
ratio Rout=Rside, along with the recently published STAR
results [28], and the radii from hydrodynamical model
calculations of Hirano [29] and Soff [30]. The results of
PHENIX and STAR are in excellent agreement, and
reveal in great detail the characteristic !50% overpre-
diction of these models in Rout=Rside. The kT dependence
of these radii is reproduced by parametrizations of hydro-
dynamic freeze-out hypersurfaces [31–33] that are fit to
previously published data.

Figure 4 shows that the centrality dependency is well
described by a linear function of N1=3

part. The slope parame-
ters for Rside and Rout are similar to those measured at 11.6
and 14:6A GeV=c [34], while Rlong is significantly larger.
Therefore the approximate independence of Rside and Rout,
and the increase in Rlong with

!!!!!!!!

sNN
p

documented in Fig. 2
of [13], can be extended to peripheral collisions as well.

In conclusion, we have presented the Bertsch-Pratt
HBT radii in the LCMS for identified charged pions
measured by PHENIX in Au" Au collisions at

!!!!!!!!

sNN
p #

200 GeV. The kT dependence of the HBT radii was
measured for hNparti # 281, and the centrality depen-
dence was measured for hkTi! 0:45 GeV=c. We per-
formed two different partial Coulomb analyses: one
based upon a self-consistent treatment of the Coulomb
correction, and the other based upon direct comparison to
the unlike-sign correlations. The methods give different
results for !, Rout, and Rout=Rside from those of the full
Coulomb correction. Using the partial Coulomb correc-
tion of Eq. (2), we observe that the value of Rout=Rside, as a
function of kT, decreases from !1:1 to !0:8 over the
range of kT # 0:2–1:2 GeV=c for hNparti # 281. This ra-
tio remains approximately constant at unity when plotted
as a function of the number of participants for hkTi!
0:45 GeV=c. These measurements are consistent with
recent results from STAR for the same system, but they
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!!DC < 30 mr, and !!DC < 5 mr. We also remove hits
affected by EMCal cluster sharing by eliminating tracks
with hits separated by less than 8 cm at the EMCal. The
event-mixed background pairs are subjected to the same
cuts. After pair cuts, !110" 106 positive and 140" 106

negative pion pairs remain, approximately 40 times the
data sample acquired by PHENIX at

!!!!!!!!

sNN
p # 130 GeV

[13]. Remaining inefficiencies in the DC and EMCal
are small, and for these we apply a correction from a
GEANT-based [20] Monte Carlo simulation of the detector.
The multiplicity dependence is estimated by embedding
simulated pion pairs into real events. The systematic
errors from pair cuts and corrections are estimated to be
!4% for Rside and Rlong, and !8% for Rout. Systematic
errors for the Coulomb correction (discussed below) are
!2%, and we assign an additional systematic error of 1%
to each radius for the so-called residual HBT effect [21]
in the event-mixed background. All systematic errors are
determined as a function of kT and centrality.

To compare directly to previous analyses, we fit the
correlations using a standard full Coulomb correction, in
which the Coulomb correction is determined iteratively
by calculating the Coulomb wave function [6] for a 3D
Gaussian parametrization of the source using the radius
fit parameters from the previous iteration. We fit the Bose-
Einstein correlation with the full Coulomb correction
to the 1D qinv parametrization, CFC

2 $qinv% # 1& "inv "
exp$'R2

invq
2
inv%, and the 3D Bertsch-Pratt parametrization

is given by

CFC
2 #1&"exp$'R2

sideq
2
side'R2

outq2out'R2
longq

2
long%: (1)

The relative momentum q is decomposed into qside, qout,
and qlong, where the longitudinal component (qlong) is
parallel to the beam axis, the out component (qout) is
parallel to the mean transverse momentum of the pair,
kT, and the side component (qside) is perpendicular to
both qlong and qout [7,8]. Analysis is performed in the
longitudinal center-of-mass system (LCMS), where the
mean longitudinal momentum of the pair vanishes. In
this frame, the duration of particle emission couples
exclusively to qout. Cross terms may appear in Eq. (1),
but they vanish in our measurement of central collisions
at midrapidity for symmetry reasons [22].

In the core-halo model of the source many relatively
long-lived particles (e.g., #, #0) decay into pions too far
from the core to be experimentally resolved by Bose-
Einstein interference [23]. These pions also have
Coulomb interactions that are negligible. To account for
this effect, and to assess the systematic errors that arise
from making a clean distinction between the core and
halo components of the source, we perform two fits to the
correlation function using Eqs. (2) and (3):

Craw
2 # Ccore & Chalo # ("$1&G%F) & (1' "); (2)

Craw
2 # ("$1&G%F) & ($"&' ' "%F) & (1' "&'); (3)

where G corresponds to the Gaussian term in Eq. (1). In
Eq. (2) [24–26], the fit is applied to the correlation
function without Coulomb correction (Craw

2 ), and the
Coulomb correction term F is included in the fit function
itself. In Eq. (3) we introduce a new parameter, "&', to
decouple the Coulomb and Bose-Einstein fractions. This
form extends the formalism to allow for intermediate
range decay pions, such as from the !, which may con-
tribute to the Coulomb strength without being resolved in
the measured Bose-Einstein correlation [27]. "&' is de-
termined by fitting Coulomb correlation functions calcu-
lated with several Coulomb strengths, assuming the 1D
HBT radius obtained from the like-sign pion data, to the
unlike-sign correlation function in the range 0:2< kT <
2:0 GeV=c, as shown in Fig. 1(a). The test yields a value
of Coulomb strength "&' # 0:50* 0:04, where $2 of the
fit becomes minimum ($2=d:o:f: # 32:9=11).

Figures 1(b)–1(d) show fits to the %'%' correlation
functions for the full [Eq. (1)] and partial [Eq. (2)]
Coulomb corrections. Figure 2 shows the fit parameters
most affected by the strength of the Coulomb correction,
and the physically interesting ratio Rout=Rside for the full
Coulomb correction and two types of partial Coulomb
corrections. The partial Coulomb correction leads to a
reduction in " at low kT and increases in Rout and
Rout=Rside, which are most prominent at intermediate kT.
In all subsequent results, Eq. (2) is used exclusively, and
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FIG. 1. (a) The one-dimensional correlation function of
unlike-sign pions for 0:2< kT < 2:0 GeV=c. The two overlaid
histograms show calculations for the full (dashed) and the 50%
partial (solid) Coulomb corrections. (b)–(d) The three-
dimensional %'%' correlation function slices for 0:2< kT <
2:0 GeV=c and 0%–30% centrality averaged over the lowest
40 MeV=c in the orthogonal directions. The full Coulomb
corrected data (open circles) are fit to Eq. (1) (dashed lines),
and the data without Coulomb correction (filled triangles) are
fit to Eq. (2) (solid lines).
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HBT Puzzle
PHENIX Collaboration / Nuclear Physics A 757 (2005) 184–283 219

Fig. 21. The kT dependence of the Bertsch–Pratt parameters for π+π+ (blue square) and π−π− (red circle)

for 0–30% centrality with statistical error bars and systematic error bands. Results from PHENIX [56], STAR

[114] and hydrodynamics models (Hirano [118], Kolb/Huovinen [123] and Soff [130], diamonds) are overlaid.

(For interpretation of the references to colour in this figure legend, the reader ir referred to the web version of this

article.)

better than the two hydro calculations that do not have a QGP phase at any stage in the

dynamics (dashed lines). The presence of the first-order QGP phase transition softens the

EOS which reduces the elliptic flow. At higher pT there is considerable variation between

the models. Part of this is due to how the final hadronic stage is modeled. For example,

Kolb’s (solid light-blue line)7 and Hirano’s (solid dark-blue line) calculations allow for

partial chemical equilibrium in the final stage compared to Huovinen (solid green line)

which chemically freezes out late in the collision. The difference is observable above pT ∼
1 GeV/c.

The same hydro models are compared to the pion v2(pT )/ε measurements from STAR

and PHENIX in Fig. 20. The Kolb (solid light-blue line) and Hirano (solid dark-blue line)

calculations fail completely by predicting too strong a v2. These two models have very

similar partial chemical equilibrium assumptions in the late hadronic stage. It is worth

noting that the Kolb calculation is the same as the Huovinen (solid green line) calculation

with the exception of the final hadronic stage.

7 For interpretation of the references to colour in Fig. 20, the reader is referred to the web version of this article.

Opacity corrections?
Cramer et al.

Full Hydrodynamic 
calculations fail to 

reproduce HBT radii!

Future HBT analyses 
offer new insight

Some Hydro Parameterizations 
effectively describe data:

Blast-Wave
Buda-Lund
Cracow

 T. Hirano, K. Tsuda, Phys. Rev. C66(2002)054905
 S. Soff,hep-ph/0202240

 U.W. Heinz, P.F. Kolb,hep-ph/0204061



Other HBT Handles

ε=
〈y2〉−〈x2〉
〈y2〉+ 〈x2〉

S1046 M Heffner (for the PHENIX Collaboration)
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Figure 2. Proton correlation function fit to the Koonin–Pratt equation using a Gaussian source.
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Figure 3. A summary the fitted radii for pion, kaon and proton correlations.

and a 3D Gaussian to extract the three radii Rout, Rside, Rlong. Figure 1 shows the ratio of
the Rout and Rside and it is clear that the ratio is consistent with 1.0. This implies a shorter
emission time than current theoretical understanding can explain.

Correlation functions for the kaons and protons do not contain enough statistics to project
into 3D and therefore only 1D projections are generated in Qinv. Figure 2 is an example of the
proton correlation that shows the data points and the fit to the points using the Koonin–Pratt
equation. Splitting the data into a few bins of mt and fitting the 1D pion provides for the
comparison shown in figure 3. Although the statistical errors are large, there is some indication
that the radii scale with mt .

5. Conclusion

PHENIX has measured pion–pion, kaon–kaon and proton–proton correlations in Au+Au
collision at

√
sNN = 200 GeV. The radii extracted from fits to the Qinv correlations show all

the three correlations have consistent radii, and the radii fall as a function of mt as expected
for collective flow. This result places tighter constraints on models that must explain the
interferometry results in light of the jet suppression measurements. The current RHIC run
of 2004 will provide more statistics substantially improving the kaon and proton correlation,
providing for the extension to 3D, and increasing the kt range of the measurements.

Species Dependence

Azimuthal Dependence

Particles in the same flow field 
have similar kT dependence.

M. Heffner, QM2004

T. Kawagishi, JPS-2005



New Tools ...

9

With this, the elements of C are C00i = B′

i(r → 0) and
c has one component given by c00 = 0. A larger list of
possible equality constraints and their physical origin is
tabulated in Table I.

Equality constraints correspond to a specific form of
prior information that are easily included in Bayes The-
orem [15, 38]. Adding this prior information amounts to
adding a penalty term to the χ2:

χ2 + λ(C · S− c)2 (44)

Here λ is a trade-off parameter and we may vary it in
order to emphasize stability in the inversion (by making
λ huge) or to emphasize goodness-of-fit (by setting λ to
zero). Such an ability to trade-off stability for goodness-
of-fit is discussed in Numerical Recipes [30] in detail.
With this modification of the χ2, the imaged source is

S = ∆2S · (KT · (∆2R)−1 · R + λCT · c) , (45)

and the covariance matrix of source is

∆2S =
(
KT · (∆2R)−1 · K + λCT · C)−1

. (46)

An alternative approach is to use Lagrange multipliers to
force the constraints to be obeyed. We have investigated
this approach and found the results to be equivalent.

IMAGING ANALYSIS OF TEST PROBLEM

We now turn to the analysis of the test problem. We
will do this in three stages. In the first, we will analyze
the #m = 00 term in detail since we can perform cross-
checks of this term with the CorAL code [40] and because
this term contains several interesting physics elements.
In the second stage, we will summarize the analysis of
the higher # terms. In the final stage, we collect all of
the terms and present the final results of this test.

The !m = 00 term

The #m = 00 term is the angle averaged, qinv, correla-
tion. Here, we describe the imaging results and compare
it to Gaussian fits performed with CorAL. We compare
the restored and the fitted sources to the input model
source in Fig 7 and to the input model correlation in
Fig 8. In the model source, one can clearly see a non-
Gaussian tail caused by the time dependence of the halo
term.

We produced the imaging results shown in Figs. 7
and 8 using knots set using the Sampling Theorem with
qmax = 39 MeV/c and 8 3rd degree basis spline co-
efficients. We cut the image off at 40 fm and used
the constraints in Table I to control the source behav-
ior at the origin and at 40 fm. We obtained a final
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FIG. 7: Angle averaged imaged and original sources, com-
pared to best-fit Gaussian source. On the left we plot them
on a linear scale and on the right on a logarithmic scale.
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FIG. 8: Angle averaged restored correlation, original correla-
tion and correlation from best-fit Gaussian source.

χ2/d.o.f. = 186/39. In Fig. 7, we see that the Gaussian
core is well resolved and we can begin to resolve the non-
Gaussian tail at least an order of magnitude down from
the core. If we convert the source height and half width to
equivalent Gaussian numbers, we find λ = 0.704 ± 0.160
and Rinv = 5.77 ± 0.37 fm. Finally, we note the excel-
lent agreement between the original correlation and the
correlation produced by uninverting the imaged source.

We also used CorAL code [40] to directly fit a Gaussian
source to the model correlation. CorAL works by folding
a Gaussian source with the full pion kernel and varying
the Gaussian source parameters to maximize agreement
with correlation data. This approach is markedly better
than the more commonly used Coulomb corrections used
in correlation analysis. The Gaussian source that CorAL
uses is:

S(r) =
λ

(2
√

πRinv)3
exp

(
− r2

4R2
inv

)
. (47)

This parameterization is chosen to conform to radii in
emission function in Eq. (8) and is consistent with stan-
dard radius definitions (i.e. for 1d Gaussian π0 correla-
tion, C(Qinv) = 1 + λ exp(−Q2

invR
2
inv)). We find best fit

HBT Imaging will 
investigate non-

Gaussian Sources 

4 Roy A. Lacey and P. Chung for the PHENIX Collaboration
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Fig. 1. π+π+ correlation functions (top panels) and source functions S(r)
(bottom panels) for Au+Au collisions. Results are shown for the selection
0.2 < kT < 0.5 GeV/c and for centralities of 10-20% and 50-90% as indicated.
The dotted and dashed lines show the short- and long-range contributions to the
source function.

of the kernel matrix. The uncertainty of the source is the square-root of the diagonal
elements of the covariance matrix of the source, ∆2S = (KT (∆2C)−1K)−1.

Figures 1(c) and 1(d) show the resulting source functions, S(r), obtained from
the correlation functions shown in Figs. 1(a) and 1(b). The data points are shown
as full circles. The restored correlations (squares) are calculated from eqn.2 with
the extracted source functions as input. Figs. 1(c) and 1(d) shows a prominent
exponential-like tail in the source functions for r values greater than ∼ 10 fm.
We attribute this tail to a long-range emission component from a source having a
relatively large space-time extent. The dotted and dashed lines in Fig. 1 indicate
the respective contributions of a short-range (Gaussian-like) component and a long-

nucl-th/0507015

Long-range structure
in the pion source.

R.Lacey, Breckenridge



Future Measurements
•PHENIX Measurement of Particle Yields at High pT with Respect to Reaction Plane in Au+Au 

collisions at √sNN = 200 GeV, David Winter 
•High pT p0, h, identified charged hadron and inclusive charged hadron spectra from PHENIX, 

Maya Shimomura 
•Probing Cold and Hot, Dense Nuclear Media via High pT Jets with Di-hadron and gamma-hadron 

Correlations with PHENIX, Nathan Grau 
•Flavor Dependence of jet-correlations in Au+Au collisions at √sNN=200GeV with the PHENIX 

Detector, Wolf Holzmann 
•Measurement of Direct Photons in √sNN = 200 GeV p+p, d+Au, and Au+Au Collisions with the 

PHENIX Experiment at RHIC, Stefan Bathe 
•Evidence for a long-range pion emission source in Au+Au Collisions at sqrt(s_NN)=200GeV in 

PHENIX, Paul Chung 
•Systematic study of identified particle production in PHENIX, Masahiro Konno 
•Anisotropic Flow in √sNN = 200 GeV Cu+Cu and Au+Au collisions at RHIC - PHENIX, Hiroshi 

Masui 
•Nuclear modifications and elliptic flow measurements for phi mesons at √sNN = 200 GeV dAu and 

AuAu collisions by PHENIX, Dipali Pal 
•Measurement of event-by-event fluctuations and order parameters in PHENIX, Tomoaki 

Nakamura 
•PHENIX results on J/y production in Au+Au and Cu+Cu collisions at √sNN=200 GeV, Hugo Pereira 
•Study of J/y Production in p+p and d+Au Collisions at √sNN = 200 GeV by the PHENIX 

Experiment, Sasha Lebedev
•Heavy flavor production in p+p and d+Au collisions at √sNN=200 GeV, from single leptons over a 

wide kinematic range, Youngil Kwon 
•PHENIX results on Open Heavy flavor production in Au+Au collisions at √sNN=200 GeV, Sergei 

Butsyk 
•Comparison of f properties as seen in dielectron and hadronic decay channels in Au+Au 

collisions by PHENIX at RHIC, Sasha Kozlov 
•First measurement of omega-meson production with the PHENIX Experimetn at RHIC, Viktor 

Riabov
•Measurement of low mass dielectron continuum in √sNN=200 GeV Au-Au collisions in the 

PHENIX Experiment at RHIC, Alberica Toia 
•Analysis of three-particle correlations in √sNN = 200 GeV Au+Au collisions at PHENIX, Mate 

Csanad 



Summary
• PHENIX measurements of soft and hard observables are an 

essential component of the exciting, comprehensive physics 
program at RHIC.

• Multiplicity and Transverse energy measurements indicate energy 
densities well above QCD critical energy density, 15 GeV/fm3

• Identified spectra demonstrate strong hydrodynamic flow with 
energy density of ~5.4 GeV/fm3

• Particle Ratios and identified spectra indicate thermalized medium 
with strangeness fully saturated

• Mid-pT proton excess and constituent quark scaling of v2 
consistent with partonic degrees of freedom

• HBT Radii inconsistent with full hydrodynamic calculations.

• Ongoing analyses of High Statistics Au+Au and Cu+Cu datasets 
promise new insight.
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